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RELATIVISTIC SEMICONDUCTOR PLASMA 
WAVE FREQUENCY UP-CONVERTER WITH 

ENERGIZED PORTION 

This application is a continuation-in-part of Ser. No. 
07/959,134, ?led Oct. 9, 1992, now U.S. Pat. No. 
5,323,024. 

BACKGROUND 

The present invention relates to the modi?cation of 
an electromagnetic signal through interaction with an 
energy beam-induced moving plasma in a semiconduc 
tor. The modi?ed signal is frequency up-shifted, pro 
ducing a fast electromagnetic or electrical signal. 
A prior art method of producing fast electromagnetic 

signals utilizes a photoconductive switch. A semicon 
ductor is placed between two contacts which are con 
nected to a voltage source in the external circuit. The 
semiconductor behaves like an insulator until it is made 
to conduct with laser illumination of the proper wave 
length. A fast pulse of laser energy will thus produce a 
fast electrical signal in the external circuit. One basic 
version of this switch gives an electrical signal ampli 
tude that is approximately proportional to the optical 
energy deposited in the semiconductor. The other basic 
version uses semiconductors such as GaAs which can 
turn on completely when the illumination energy is 
above some threshold. The basic mechanism for this 
latter version is referred to as optically initiated ava 
lanche. Discussions of these types of switches can be 
found in the following U.S. Patents: Davis U.S. Pat. No. 
4,438,331; Ragle U.S. Pat. No. 4,864,119; and Kim U.S. 
Pat. No. 5,028,971. The general advantage of photocon 
ductive switches is their ability to produce fast, high 
amplitude pulses, for example, a 2.5 kV electrical pulse 
with a rise time of 200 picoseconds (ps). More gener 
ally, a laser illumination of the proper wavelength and 
energy between two separated conductors on a semi 
conductor substrate will electrically connect or “short” 
the two conductors. Thus, by turning on such illumina 
tion, it is possible to make an electrical connection for as 
long as the optical energy is applied. For a review of 
this technology see Lee, “Picosecond optics and micro 
wave technology,” IEEE Trans. Microwave Theory 
Tech., vol. MTT-38, pp. 596-607, 1990. 
Another prior art method to produce fast microwave 

signals was recently reported by Savage et al. in “Fre 
quency Upconversion of Electromagnetic Radiation 
upon Transmission into an Ionization Front,” Physical 
Review Letters, vol. 68, Feb. 1992. This paper describes 
an experiment where an optically induced moving ioni 
zation front in a gaseous medium interacts with an im 
pinging microwave signal, producing an up-shifted sig 
nal. Source radiation at 35 GHz was up-converted to 
116 G112 when an ionizing laser pulse was propagated 
through a resonant microwave cavity. However, the 
tens of m] of optical pulse energy used was inadequate 
to produce a true re?ective plasma at microwave fre 
quencies, giving up-shifts different than those predicted 
by a simple Doppler effect. The up-conversion under 
these conditions was rather inefficient, being less than 
1% at 116 GHz. 
An ideal situation for ef?cient frequency up-conver 

sion would be to produce an optically induced moving 
ionization from which is suf?ciently dense to give com 
plete re?ection for an impinging electromagnetic signal. 
Such a case is analogous to the re?ection of electromag 
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2 
netic radiation from a moving mirror, which will give a 
Doppler shift: dependent on the mirror’s velocity. The 
up-conversion factor due to the relativistic Doppler 
effect in the rest frame of the observer for an ideal re 
?ecting “front” moving toward the impinging electro 
magnetic radiation is given by equation 1 which is writ 
ten and plotted in FIG. 1. The velocity of the electro 
magnetic radiation in the medium is “c” and the veloc 
ity of the moving re?ecting front is “v”. As the velocity 
of the re?ecting boundary becomes a signi?cant frac 
tion of the velocity of the electromagnetic radiation, 
very large up-shifts will occur. 

Because of the technological difficulty of producing 
fast laser pulses of suf?ciently high energy to create a 
truly re?ective ionization front in a gas, frequency up 
conversion by the pure Doppler effect has not previ 
ously been achieved. The low ef?ciency up-conversion 
demonstrated by Savage et al. was due to a plasma 
microwave interaction which is a superset of the Dop 
pler effect. 

SUMMARY OF THE INVENTION 

The present invention uses energy beam illumination, 
preferably laser, to generate a moving conducting 
boundary in a semiconductor, preferably in a wave 
guide, which frequency up-shifts an impinging electro 
magnetic signal. The re?ection off the optically 
induced moving plasma of the impinging microwave or 
other electromagnetic signal produces frequency up 
shifts that can be thought of as a relativistic Doppler 
effect. A frequency up-shift can manifest itself as a tem 
poral compression of the impinging microwave signal, 
where the plasma front or “short” re?ects the “front” 
portion of the impinging microwave pulse into the 
“back” portion of the microwave pulse, thus temporally 
compressing in time the originally injected signal. For 
re?ection off a continously moving plasma front, each 
Fourier frequency component of the impinging signal 
can be up-shifted similarly, giving temporal compres 
sion of the re?ected signal when the interaction time of 
the optically-induced conducting boundary is as long as 
the duration of the original signal. For example, a gauss 
ian microwave pulse of 1 ns duration travelling at 1.25 
times the speed of an impinging photo-generated plasma 
front in a semiconductor produces an up-shift of as 
much as 9 times as predicted by equation 1 shown in 
FIG. 1, and translates into a temporal pulse compres 
sion to approximately 0.11 ns. Furthermore, since pulse 
energy is conserved, this narrowing of the pulse gives a 
concomitant increase in peak pulse amplitude, under 
ideal conditions, of about 9 times. Though the maximum 
theoretical up-shift or compression will occur when the 
illumination sweep velocity is the same as the impinging 
microwave signal, non-ideal effects such as waveguide 
dispersion and losses will conspire to reduce the maxi 
mum theoretical up-shift. Therefore, equation 1 is 
meant as a guide, and is only true for ideal circum 
stances. The effects of dispersion are discussed in papers 
such as “Terahertz Attenuation and Dispersion Charat 
eristics of Coplanar Transmission Lines,” by M. Y. 
Frankel et al., in IEEE Trans. on Microwave Theory 
and Techniques, vol. 39, pp. 910-916, June, 1991 and 
some of the references cited therein. The temporally 
compressed electromagnetic signal that results from the 
invention might also be thought of as a “shock wave,” 
since different portions of the original impinging elec 
tromagnetic pulse can be effectively differentially or 
incrementally “segmented” in time and recombined to 
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produce a shorter, higher peak power output pulse. If 
the speed of the electromagnetic signal to be up-shifted 
is slightly slower than the illumination sweep speed, 
frequency up-shifts can still occur, although such rela 
tive speeds may preclude the use of equation 1. 
The great advantage of using a semiconductor rather 

than a gas as the interacting medium is that the genera 
tion of laser or electron beam induced plasmas is highly 
efficient, which allows the production of moving 
plasma boundaries re?ective to electromagnetic radia 
tion with modest energy requirements. Also, the semi 
conductor can be conveniently used as a substrate for 
many common microwave or optical waveguide geom 
etries, and allows for compact con?gurations, including 
microwave cavities. 
To estimate the optical energy required in a semicon 

ductor to produce adequate plasma densities equation 2 
is used: 

n=(1—R)aE(hc/7t)_1[l—exp(~az)] (2) 

where n is the photo-generated plasma density in cm-3, 
R is the optical re?ection loss off the semiconductor, a 
is the absorption coef?cient in cm—1, E is the optical 
energy density in J/cm2, hc/X is the photon energy, and 
z is the depth of the absorbing medium. Using parame 
ters for the semiconductor GaAs, the absorption coef? 
cient is approximately 2000 cm—1 (equivalent to an 
absorption depth of about 5 pm) at a wavelength of 877 
nm, the material re?ection loss is 30%, and the thick 
ness is assumed to be 1 mm. For the coplanar strip 
waveguide, discussed in more detail later, useful re?ec 
tions of microwave energy may be achievable with 
plasma densities as low as 1015 cm-3. From equation 2, 
this corresponds to an optical energy density using the 
above parameters of only 162 nJ/cmZ. Fast laser pulses 
in the tens of m] range can produce semiconductor 
plasma densities greater than 1018 cm—3. The generation 
of photocarders in a semiconductor is an intrinsically 
fast process.lThe electronic transition energy from the 
valence to conduction band in semiconductors is a few 
electron volts, allowing the production of an electron 
hole pair in the material following the absorption of a 
photon in times as short as femtoseconds. Thus, photo 
induced semiconductor plasma densities can track the 
rise time of sub-picosecond laser pulses. 
The core of the invention is the generation in a semi 

conductor of a plasma dense enough and with a sharp 
enough boundary moving at relativistic speeds to re 
?ect electromagnetic signals of frequencies ranging 
from radio through light. The impinging radiation can 
be propagating freely through any medium before en 
tering the semiconductor or it can be channeled by any 
form of waveguide that will allow transmission into the 
semiconductor. The semiconductor itself can be formed 
as a waveguide. The plasma can be swept toward the 
impinging signal to achieve relativistic up-shift upon 
re?ection, and can be swept from behind at a speed 
equal to or faster than the signal to frequency up-shift 
the signal. 
Numerous geometries of semiconductor microwave 

waveguides can be used to accommodate an energy 
beam induced moving plasma including, for example, 
the coplanar strip geometry in FIG. 2 and the micro 
strip geometries shown in FIGS. 3 & 4. In all of these 
geometries, the illumination can occur along the side (or 
top) of the waveguide, being swept across the guide to 
produce the moving plasma by de?ection of an electron 
beam, by electro-optic de?ection of a laser beam, or 
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4 
passively, through an optical element to the side of (or 
above) the waveguide such as a prism, which will con 
trol the effective sweep velocity for an incident distrib 
uted optical wavefront. The laser has a wavelength 
which maximizes the localized plasma density between 
the waveguide conductors. In the case of the coplanar 
strip (CPS) geometry shown in FIG. 2, the wavelength 
is chosen to give an optical absorption deep enough to 
“short-out” the ?eld below and between the waveguide 
conductors 6, yet shallow enough to create a small 
volume of plasma between the conductors which effec 
tively raises the density of photocarders, thus increasing 
the re?ection properties of that region to a microwave 
signal. An advantage of the coplanar strip geometry is 
that the relatively shallow absorption depths required 
translate into very high photocarder densities since the 
incident optical energy is absorbed in a relatively small 
volume. 

In the case of the microstrip geometry illuminated 
from the side, the wavelength is chosen for a particular 
semiconductor to preferably give an absorption depth 
sufficient to optically “connect” the upper and lower 
electrodes, giving again a re?ective short or plasma 
front. To facilitate this in the microstrip configuration 
of FIG. 3, the upper electrode 18 can be semi-transpar 
ent to the incident optical energy. 

Instead of illuminating the semiconductor from the 
side (or above), the laser illumination can be propagated 
in the same longitudinal direction as the electromag 
netic signal as in FIG. 6 to facilitate a plasma-signal 
interaction. For most applications, this is not the pre 
ferred embodiment since there is a strong tradeoff be 
tween the absorption of the semiconductor and the laser 
energy requirements. Though a higher material absorp 
tion will give a denser plasma for a given laser wave 
length, too high an absorption will greatly attenuate the 
laser beam before it traverses the waveguide. 
One method of extracting the up-shifted “output” 

signal is accomplished with a switch 42 as shown in 
FIG. 7. The burst of microwave energy to be up-shifted 
travels down a microwave waveguide or transmission 
line 40 from an electromagnetic signal source 38, pass 
ing through switch 42 and transmission line 16 and 
impinging onto the optically generated plasma front. 
Switch 42 is electrically activated to largely route the 
re?ected and up-shifted signal into the output transmis 
sion line 44. The launching of the input signal is syn 
chronized with the laser pulse to achieve the maximum 
time of interaction between the plasma and the input 
signal that the length of the semiconductor waveguide 
will allow. 

In an alternate microwave waveguide embodiment, 
the invention can be used to originally generate fast 
electrical signals, by applying a pulsed or direct current 
(DC) bias voltage across the waveguide and then 
sweeping the laser at high speed. The laser allows con 
duction at the point of illumination which creates a 
photoconductive electrical signal that becomes com 
pressed as the illumination is swept at relativistic speeds. 
For a fuller treatment of the invention and its advan 

tages, reference should be made to the subsequent de 
scriptions as they relate to the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows plot of the frequency up-conversion 
factor for an electromagnetic wave of velocity c im 
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pinging on a re?ecting from moving at a velocity v and 
a statement of the plotted equation. 
FIG. 2 shows a coplanar strip (CPS) waveguide 

showing a compressed output pulse after re?ecting off 
the optically-induced moving plasma. 
FIG. 3 shows a microstrip waveguide geometry with 

a semi-transparent top conductor. 
FIG. 4 shows a modi?ed microstrip waveguide with 

a narrow ground plane to allow side illumination. 
FIG. 5 shows a coplanar waveguide (CPW) geome 

try. 
FIG. 6 shows a microstrip waveguide with laser 

illumination through the bulk semiconductor substrate. 
FIG. 7 shows the con?guration used to extract the 

up-shifted output signal. 
FIG. 8 shows the method of passively sweeping the 

laser illumination across a waveguide using a prism. 
FIG. 9 shows the method of electro-optically sweep 

ing the laser illumination across a waveguide. 
FIG. 10 shows s three port device which optically 

switches the routing of a microwave signal. 
FIG. 11 shows a coplanar strip waveguide with a 

laser-induced re?ecting short at the end. 
FIG. 12 shows a microstrip waveguide with a semi 

transparent top conductor and a re?ecting gap when 
not illuminated. _ 

FIG. 13 shows a CPS waveguide with a re?ecting 
gap when not illuminated. 
FIG. 14 shows a microstrip waveguide with a semi 

transparent top conductor and swept laser illumination 
that travels in the same direction as the input signal. 
FIG. 15 shows a CPS waveguide with a swept laser 

illumination that travels in the same direction as the 
input signal. 
FIG. 16 shows a microstrip waveguide with an ap 

plied voltage across the conductors. 
FIG. 17 shows a CPS waveguide with an applied 

voltage across the conductors. 
FIG. 18 shows a microstrip waveguide cavity with a 

semi-transparent top conductor. 
FIG. 19 shows a CPS waveguide with an opaque 

coating on the outside of the conductive strip gap. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

A method used to control the sweep speed of the 
optical illumination across the waveguide preferably 
uses an optical element such as prism 54 as shown in 
FIG. 8. A collimated laser beam 50 of height h is inci 
dent on a cylindrical lens 52 which focuses a “line” of 
laser illumination through the prism onto the wave 
guide. Alternately, a collimated laser beam with suf? 
cient power may be used without focusing. The diame 
ter of the collimated laser beam is chosen such that the 
top portion of the beam just reaches the end of the 
waveguide after being refracted by the prism. In the 
case of the CPS waveguide geometry, this illumination 
line is focused into the conductive strip gap along the 
length of the CPS waveguide. A cylindrical lens 52 can 
be tilted with respect to the incident laser beam in order 
to achieve a similar focus along the length of the wave 
guide as shown in FIG. 8. Altemately, the cylindrical 
lens could be replaced by multiple smaller lenses which 
are placed such that a similar focus is achieved for por 
tions of incident beam 50 along the length of the wave 
guide. 
The effective velocity of the optical sweep across the 

waveguide is the waveguide length divided by the time 

5 

15 

25 

45 

60 

65 

6 
it takes the top “ray” of the line illumination to hit the 
far end of the waveguide measured from the time the 
bottom “ray” hits the near end of the waveguide. This 
effective velocity for a given length of waveguide is 
controlled by the prism angle 01 in FIG. 8 and the 
prism’s refractive index. In general, the propagation of 
laser beam 50 parallel to the waveguide surface gives a 
greater degree of slow-down of the illumination sweep 
than if the laser beam were illuminating the prism at an 
angle, though either con?guration can be used. For the 
case where the incident optical rays are parallel to the 
prism’s base as shown in FIG. 8, the speed of illumina 
tion sweep across the prism base nearest the waveguide 
for a prism refractive index n and angle 01 is found using 
simple optical geometry, and is given approximately by 
equation 3 for convenience: 

sin04tan01 + cos04 
ntan01 + c0504 

(3) 

where 04=01+a sin (n"1 cos 0;), and c in this case is 
the speed of light in a vacuum. Thus, by proper choice 
of n and 01, the illumination sweep speed can be deter 
mined. 

In order to mitigate total internal re?ection of light 
rays from the base of prism 54, index matching material 
56 may be used between the prism base and the wave 
guide semiconductor. Without index matching material, 
natural imperfections at the contact boundary between 
the base of prism 54 and semiconductor waveguide 8 
can allow some; of the light to reach the semiconductor. 
Such imperfections scatter some of the light in direc 
tions toward the perpendicular of the waveguide: plane, 
thus allowing penetration through the prism base and 
into the semiconductor waveguide. An intentionally 
roughened, structured, or faceted surface of the base of 
prism 54 will increase such scattering or light direction. 
In this case especially, prism 54 does not necessarily 
need to be in contact with the semiconductor wave 
guide, allowing an optical component such as a cylin 
drical lens to be placed between the prism and the 
waveguide. Such a lens may be integrally bonded or 
attached to the mmiconductor waveguide. Finally, for a 
prism base that is in contact or close proximity with 
semiconductor waveguide 8, the evanescent light ?eld 
extending microns beyond the prism base into the me 
dium below may also contribute to the total light en 
ergy leaving the prism into the semiconductor. Such 
evanescent ?elds will also be present if an optical wave 
guide is integrated above the microwave waveguide to 
allow light propagation largely in the same plane and 
region as the microwave waveguide. Evanescent light 
waves are discussed in the chapter 3 of the book “Opti 
cal Waves in Layered Media” by P. Yeh, John Wiley & 
Sons, 1988. 

Alternatively, the hypotenuse of prism 54 as shown in 
FIG. 8 may instead be a “staircase” shape as viewed 
from a similar perspective as shown in FIG. 8 and with 
the same base length. In this embodiment, the rays of 
illumination will come straight down, largely perpen 
dicular to the tops of the steps and the plane of the 
surface of semiconductor waveguide 8. The steps are of 
increasing height such that the optical wavefront exit 
ing the prism base is also “stepped” in time. Rays of 
optical illumination “hit” the right end of waveguide 8 
as shown in FIG. 8 ?rst, and hit the left end last, thereby 
giving; an effective sweep of optical illumination from 
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difference At between when a ray illuminates the right 
end and then the left end of waveguide 8 depends on the 
prism’s refractive index n and the height difference of 
the prism steps at the two ends. The effective sweep 
speed would be simply L/ At, where L is the end-to-end 
waveguide length. The step prism may be one solid unit 
as implied by the previous description, or may be com 
posed of individual optical sections or light conduits, 
each of which guide optical energy to the semiconduc 
tor waveguide with a time delay relative to its neighbor 
ing sections. These light conduits may also be a line or 
array of optical ?bers, each providing a different time 
delay of the input light to the waveguide. Furthermore, 
similar to the use of a stepped prism, a stepped mirror 
array may also be used, where the incident optical 
wavefront illuminates a mirror array at an angle which 
re?ects a stepped optical wavefront into the semicon 
ductor waveguide to again give an effective illumina 
tion sweep. 
The potential frequency up-shift factor for such dis 

continuous sweeps using stepped optical wavefronts 
would not obey equation 1. Instead, for an effective 
illumination sweep which is the same speed as the input 
electromagnetic signal to be up-shifted, the input elec 
tromagnetic signal is effectively compressed as the front 
portion of the electromagnetic signal gets re?ected by 
the plasma front into the back portion of the electro 
magnetic signal which gets re?ected last. The greater - 
the number of prism steps in the prism or mirror array, 
the greater the potential electromagnetic signal com 
pression. As the number of prism or mirror steps be 
comes especially numerous, diffraction effects will con 
spire to reduce the ef?ciency of optical throughput to 
the waveguide. The number of prism or mirror array 
steps could, for example, be between ?ve and one-hun 
dred or more. One hundred steps will give an illumina 
tion sweep composed of 100 step movements from one 
end of the waveguide to the other. Finally, these meth 
ods could provide other than a constant increase in 
optical delay from one side of the waveguide to the 
other to provide a non-constant illumination sweep 
speed. For example, the mirror array segments could be 
be con?gured to provide a structured optical wavefront 
other than a stairstep shape in order to structure shape 
in the electromagnetic signal. The resulting signal may 
not be compressed per se, though could still have rela 
tive increases in Fourier frequency content. 
The prism material could be anything that has a suit 

able refractive index as discussed earlier, and transmits 
the optical wavelengths desired. A catalogue of optical 
materials and their properties can be found in books like 
the “Handbook of Optics,” published by McGraw Hill, 
1978, “The Infrared Handbook,” edited by W. L. Wolfe 
and G. J. Zissis, published by the “Office of Naval 
Researc ,” and in literature from companies like Meller 
Optics, Inc. which sell standard and custom optical 
components in a wide variety of optical materials. For 
example, ZnSe is available from Meller Optics Inc., 
which is transmissive from 0.55 pm to over 10 pm, and 
has a refractive index of about 2.5 at 1 pm. For all 
prisms, an anti-re?ection coating can be used on the 
surface where the optical illumination of a certain 
wavelength is ?rst incident in order to maximize optical 
throughput. Such coatings are available from most 
companies that sell optical components. Finally, por 
tions of the prism through which no laser illumination 
passes through could be eliminated in order to conserve 
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8 
material and reduce size and weight. For example, the 
region in prism 54 above the incident beam 50 of height 
h in FIG. 8 could be eliminated. 
A second preferred method of achieving relativistic 

sweep speeds uses electro-optic deflection of a laser 
beam across the waveguide. Using certain materials 
whose refractive index varies with applied electric ?eld, 
it is possible to make devices which can de?ect a laser 
beam with a sweep speed that depends on the rise time 
of the electrical signal being applied to the electro-optic 
material. The company ConOptics in Danbury, Conn. 
manufactures an electro-optic beam de?ector that gives 
de?ections of 0.26 degrees or more for applied voltages 
of 3000 volts. The speed at which the de?ection occurs 
depends on the rise time of the applied electrical signal 
and the resistance-capacitance (RC) time constant of 
the device. ConOptics model 310A has a capacitance: of 
100 pF and is preferably driven with a voltage pulser 
from Kentech Instruments Ltd. of South Moreton, En 
gland which is con?gured with an internal source impe 
dance of preferably under 10 ohms and provides peak 
voltage swings of 3000 volts. Since this voltage pulser 
has a rise time of 100 ps, the time rd for a complete 
de?ection to occur is approximately 1000 ps. Prefera 
bly, the electro-optic beam de?ector is con?gured as a 
“travelling-wave” device, meaning that the electro-op 
tic device will act like a transmission line to the applied 
voltage signal rather than a lumped element capacitor, 
thus allowing the de?ection speed to potentially equal 
the rise time of the applied electrical signal. Translating 
these parameters into an effective sweep velocity is 
clari?ed by FIG. 9. The effective sweep velocity of the 
laser beam 58 across the waveguide 60 of length y is 
given by equation 4, 

Vm.p=y/Td=(1/w) m (/3) (4) 

where B is the de?ection angle, 1 is the distance from the 
electro-optic de?ector to the waveguide, and rd is the 
de?ection time of the beam through the angle B. Thus, 
the sweep speed can be varied by simply changing the 
distance 1 and/or the electrical rise time of the applied 
voltage to the electro-optic de?ection device 62. As an 
example, a 'rd of 1000 ps for B=1 degree, at a distance 
of l=2.5 meters, translates into a sweep speed of about 
4.4-l07 m/s. The total scanning distance for these pa 
rameters preferably corresponds to the waveguide 
length, which is about 4.4 cm. The sweep speed is con 
stant for linear angle sweeps as implied above. How 
ever, since the sweep speed is a function of the time 
dependent de?ection angle B, a typical driving electri 
cal pulse may provide a largely linear de?ection for a 
time less than the total application time of the driving 
voltage to the electro-optic de?ector. 
An alternate method to sweep the laser illumination 

across the microwave waveguide uses phased-array 
optical beam steering. By controlling phase differences 
between different portions of the same laser beam and 
/or phase differences between individual lasers in an 
array of lasers, it is possible to steer the laser beam in the 
far ?eld. An example of such phase control uses an 
array of optical waveguides whose relative phase rela 
tionships for a guided laser beam can be changed elec 
tro-optically or all-optically using the Kerr effect. Since 
the electro-optic effect and Kerr effect are very fast 
phenomena, the resulting rapid beam sweep velocity in 
the far ?eld are suitable for this invention. An example 
of such a device is, given in a recent paper by H. K. 
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Chiang et al., “The Analysis of a Phased-Delayed Opti 
cal Two-State Switch,” IEEE Photonics Technology 
Letters, vol. 4, p. 3.68, 1992. 
As an alternative to using a laser, the semiconductor 

plasma may be produced using electron beam illumina 
tion. The methods of sweeping electron beams are well 
known, and can be used to create a moving re?ecting 
plasma in a semiconductor waveguide in a manner com 
pletely analogous to a photo-induced plasma wave. In 
this case, the electron beam de?ector would replace the 
electro-optic de?ector shown in FIG. 9. The similarities 
between these two types of plasma-inducing illumina 
tions is paralleled by the similarities between optically 
controlled semiconductor switches and electron beam 
controlled semiconductor switches, and is exempli?ed 
in the paper by D. C. Stoudt et at., “The Recovery 
Behavior of Semi-Insulating GaAs in Electron-Beam 
Controlled Switches,” IEEE Transactions on Electron 
Devices, vol. 37, p. 2478, 1990. 
A preferred embodiment of the invention uses the so 

called coplanar strip (CPS) waveguide geometry shown 
in FIG. 2. The laser illumination front 2 is depicted in a 
generic way; the medium above the waveguide may 
actually be a prism or some other component which 
facilitates an illumination sweep. Placing a conductive 
short across the conductive strips 6 in FIG. 2 will cause 
an impinging microwave signal to be re?ected. Illumi 
nating a region in the gap with laser light of suf?cient 
power produces an optically generated electron-hole 
plasma which acts like a conducting short. By sweeping 
a fast laser pulse rapidly across the gap, a moving re 
fleeting “short” or plasma front 4 is produced which 
up-shifts the impinging microwave signal. A configura 
tional description of CPS waveguide, design that allows 
extraction of the desired up-shifted signal follows. 
A block of semiconductor GaAs, 5 cm long and 0.6 

mm thick is used as a waveguide substrate 8 as shown in 
FIG. 2. Gold conductive strips 6 of 1 pm thickness and 
w=0.5 mm wide are interfaced to bulk substrate 8. An 
n+ epi-layer can also be placed below the metalization 
using standard implantation techniques to facilitate a 
more ohmic contact. The GaAs is preferably of a semi 
insulating nature (commonly called SI-GaAs) in order 
to mitigate waveguide losses. A space between the 
strips of x=48 p.111 produces a coplanar strip waveguide 
characteristic impedance of approximately 50 ohms, 
with a loss that is estimated to be roughly 0.3 dB/cm at 
10 GHz for high resistivity GaAs. Connector 12 is a 
common ssma type waveguide to coax connector 
mounted to a bulkhead 14 which allows the CPS wave 
guide to be connected to a coaxial cable. The inner and 
outer conductors of the ssma connector 12 are attached 
to the conductive strips 6 of the waveguide. For struc 
tural strength, semiconductor substrate 8 will prefera 
bly rest on a low permittivity dielectric such as Plexi 
glas, which is mechanically mounted with bulkhead 14. 

Referring to FIG. 7, a pulse generator such as the 
Kentech model APGl pulser 38 produces an approxi 
mately 0.2 ns full-width half-maximum (FW HM) gauss 
ian voltage pulse which travels down a 50 ohm trans 
mission line 40 through switch 42 which is activated to 
largely pass the input pulse to transmission line 16. The 
pulse travels from transmission line 16 into the coplanar 
waveguide through the attached ssma connector 12 that 
is mounted to bulkhead 14. The pulse generator has an 
additional electrical output which is synchronized with 
the electrical pulses being generated. This additional 
output is used to trigger the production of laser pulses 
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10 
such that the beginning of the 0.2 ns input pulse im 
pinges on the laser-generated plasma front at the far end 
of the CPS waveguide. Alternately, an electrical output 
from the laser which is synchronized with the gems, 
rated laser pulses can be used to electrically trigger the 
pulse generator. Proper timing is achieved using cable 
delay lines to the laser trigger inputs, and/or variable 
digital delay instruments such as the Stanford Digital 
Delay DG-535 which have multiple outputs with con 
trollable delays. In this manner, the total interaction 
time of the impinging microwave pulse and moving 
plasma is maximized. This time is simply the waveguide 
length divided by the velocity of the sweeping laser 
illumination. The up-shifted and compressed re?ected 
pulse travels out the CPS waveguide through the ssma 
connector and into switch 42, which is activated to 
route the up-shifted output into the 50 ohm transmission 
line 44 and into oscilloscope 46 for viewing. This entire 
process can be repetitive, since the Kentech model 
generator operates at up to 10 kHz and can be externally 
triggered. The dominant constraints on the maximum 
repetition frequency are the photoconductive carder 
lifetime in the semiconductor and the maximum repeti 
tion rate of the pulse generator. The former depends on 
the semiconductor which for normal GaAs, is much less 
than 1 gs. ‘ 

One suitable switch is a single-pole-two-throw 
(SPZT) variety made by Hyletronics, model JUK231 
which has a bandwidth of about 0.5 to 20 GHz. Switch 
ing from one terminal to the other is accomplished by 
sending an electrical logic signal to a separate switch 
terminal (not shown in FIG. 7). This electrical logic 
level can be speci?ed when ordering the switch. One 
standard con?guration, for example, accepts a zero to 
0.8 VDC level to activate a logic 0 (one “throw”and a 
2.4 to 5.5 VDC level to activate a logic 1 (the other 
“throw”). The switch is originally given a logic level 
that allows passage of the input pulse from pulse genera 
tor 38 to semiconductor waveguide 8. After this input 
pulse has passed through switch 38, a different electrical 
logic level is sent to switch 38 which will allow the 
re?ected and up-shifted pulse that returns through 
transmission line 16 to be largely routed to transmission 
line 44. Such switches have a characteristic switching 
time, which is about about 20 us for the model speci?ed. 
Transmission line 44 must be electrically long enough to 
delay the up-shifted return pulses so that switching is 
complete. For example, for a maximum switching time 
of 20 ns and a transmission line 44 with a velocity of 
propagation of 1.6.108 m/s, the transmission line length 
should be at least (1.6.108 m/s)(20 ns)=3.2 meters. 
Other manufacturers of electrical switches include 
Miteq, Inc., which make a device with a switching time 
of under 10 ns. 

In alternative embodiments any electromagnetic sig 
nal source can be used in place of the speci?ed pulse 
generator 38 in FIG. 7, including a generator which 
produces a sinusoidal burst of energy, a photoconduc 
tive switch of the variety previously discussed, or a 
higher voltage pulse generator such as Kentech model 
ASGl. As with all electrical systems, the individual 
components will have a maximum power handling ca 
pability which will usually be speci?ed by the manufac 
turer. For example, switch 42 will have a certain maxi 
mum capability for continuous average power and for 
pulsed power as speci?ed by the manufacturer. Usually, 
the peak pulse power handling capability at low repeti 
tion rates is much greater than the maximum continuous 



5,428,226 
11 

wave power speci?cation. Similarly, the ssma connec 
tors and others like them will often handle much more 
peak voltage for short time durations than is speci?ed 
for direct current voltage hold-off. The speci?ed copla 
nar waveguide will handle at least a hundred volts or so 
for a pulsed voltage on the time scales discussed, and 
possibly much more for up-shifted signals which are of 
even shorter duration. Demonstration of high voltage 
stand-off in a coplanar waveguide is discussed in the 
paper by Motet et al., “1.4 ps rise-time high voltage 
photoconductive switching,” Appl. Phys. Lett., vol. 59, 
p. 1455, Sept. 1991. The authors generated a 1.4 ps 
electrical pulse of 825 volts peak amplitude out of a 200 
ps wide pulse of 1.3 kV peak amplitude, both of which 
propagated on a coplanar waveguide with a 100 um gap 
spacing. In general, the stripline or microstrip wave 
guides geometries will handle much higher voltages. 
The velocity of the microwave signal in the CPS 

geometry is c(e,')-°-5, where c is the speed of light in a 
vacuum, and e,’ is the effective relative dielectric con 
stant of the waveguide substrate given roughly by 
(e,+1)/2, where e, is the actual relative dielectric con 
stant of the material. The actual signal velocity down 
the waveguide can also be measured using various com 
mon techniques for greater accuracy in choosing the 
optical sweep speed. One method uses simple time 
domain re?ectometry (TDR), where a sample electrical 
pulse is injected into one end of the microwave wave 
guide, re?ects off the opposite end of the waveguide, 
and travels back into the TDR instrument which indi 
cates the difference in time between the injected pulse 
and the return pulse. Special TDR instruments are 
available, from Tektronix and Hewlett Packard, and are 
sometimes built into Oscilloscopes. Techniques for the 
measurement of frequency dependent signal velocities is 
discussed by M. Y. Frankel et al. in “Terahertz Attenua 
tion and Dispersion Charateristics of Coplanar Trans 
mission Lines,” in IEEE Trans. on Microwave Theory 
and Techniques, vol. 39, pp. 910-916, June, 1991. Signal 
velocity measurements may be especially useful before 
an optical sweep speed is chosen, since the medium 
around and above the waveguide (such as a prism) may 
affect the signal propagation velocity. 
For a CPS waveguide with a semi-insulating GaAs 

substrate, the laser preferably provides a pulse rise time 
of less than 20 ps, a wavelength of 532 nm, and an en 
ergy of greater than 10 pJ. Higher laser energies ensure 
that all frequency components of the input pulse are 
up-shifted by the same factor, giving the potential for 
scale-invariant pulse compression. With a GaAs relative 
permittivity e, of 12.9, the signal velocity down the 
waveguide is approximately 1.18.108 m/s. A 75 degree 
prism with a refractive index of 2.8 gives a laser illumi 
nation sweep of about 1.65.108 m/s across the wave 
guide. The resulting up-shift factor for an ideal re?ec 
tion for the assumed signal velocity is predicted by 
equation 1. The output pulse as viewed on the oscillo 
scope is compressed in time with an increase in peak 
pulse power. In use, the oscilloscope is replaced by a 
desired load depending on the application. 
The waveguide may potentially be made out of any 

semiconductor material. For example, a CPS wave 
guide using semi-insulating CdS with a natural relative 
permittivity e, of about 9.4 may be used as a CPS sub 
strate. CdS may be custom manufactured by crystal 
growing companies such as Cleveland Crystal. For 
optimum performance the semiconductor should have 
high resistivity, preferably greater than about 107 item, 
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in order to mitigate waveguide losses. For a 50 ohm 
CPS waveguide like that shown in FIG. 2, x=45 um, 
w: 1 mm, and h=2 mm. The metallization is preferably 
gold of approximate thickness 1 pm, and is deposited ' 
using common methods known to those skilled in the 
art. (For a discussion of semiconductor metallization 
techniques, refer to chapters 14 and 15 in “Microwave 
Solid State Design,” by I. Bahl and F. Bhartia and the 
references cited therein). The length of the waveguide 
is 5 cm. The electrical signal speed is estimated as 
v=c(e’r)—°-5, where e’, is given roughly by (e,+ l)/2. 
The electrical speed is found to be about 1.33.108m/s as 
derived from a numerical calculation (see for example 
the formulations for effective permitivities for various 
waveguides in chapter 7 of the book “Microstrip Lines 
and Slotlines,” by K. C. Gupta, R. Garg, and I. Bahl). 
Again, a more reliable value may be obtained by actu 
ally measuring the signal velocity as discussed earlier. 
For an electrical speed which is 1.33.108 m/s, the opti 
cal sweep velocity is chosen to be a similar value in 
order to achieve a large frequency up-shift. A suitable 
prism is one like that shown in FIG. 8, made out of ZnS. 
For a “doubled-YAG” laser of wavelength 532 nm for 
the plasma generating source, the refractive index of 
ZnS is about 2.307. From equation 2, n=2.307 and 
01:75 degrees gives an optical sweep speed of about 
1.3.108 m/s. The 532 nm laser is pulsed, with a rise-time 
that is preferably less than 20 ps. The prism may be used 
with a thin layer (preferably less than 15 pm) of index 
matching material between it and the semiconductor, 
such as Cargille Laboratories series GH with a refrac 
tive index of about 2.36 at 532 nm. Alternately, the 
prism may be just above the semiconductor waveguide 
and have a roughened or faceted base which allows 
light to scatter or re?ect out of the prism where it can 
then enter the gap between the metallization strips on 
the CPS semiconductor waveguide, either directly or 
via a lens as described earlier. The laser pulse energy 
entering this region at this wavelength is preferably 
greater than 100 p.J in order to acheive high plasma 
densities. This waveguide and prism combination may 
be used in an entirely similar manner as described earlier 
for the GaAs CPS waveguide. The repetition rate that 
the system can achieve depends largely on the time it 
takes the semiconductor to “recover” to a largely semi 
insulating state after an illumination sweep. 
There are a number of alternative emodiments to the 

con?guration of FIG. 7. In a ?rst alterative, switch 42 is 
replaced with a directional coupler such as Mern'mac 
model CWV-12R-33G. Here the signal routing is auto 
matic, unlike switch 42 which is electrically activated. 
A directional coulper will pass some of the input pulse 
from pulse generator 38, and will route a portion of the 
re?ected and up-shifted signal to transmission line 44. 
Such a component is convenient for experimentation, 
though it attenuates the desired final output signal. A 
circulator may also be used in place of switch 42 to 
route signals in a similar manner to the directional cou 
pler, though circulators typically have narrow fre 
quency bandwidths. Circulators are available from 
companies like Western Microwave. Many of these 
microwave companies also make custom ?lters which 
may be designed to largely pass the lower frequency 
input signal from pulse generator 38 to transmission line 
16, while largely passing the re?ected and frequency 
up-shifted return pulse to transmission line 44. 

In another alternate embodiment, switch 42 is re 
placed with an active optical switch for extracting the 
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desired up-shifted output signal. Such a switch is shown 
in FIG. 10. The substrate 64 is a semiconductor, prefer 
ably GaAs, upon which are deposited conductive strips 
66 on top and a metal ground plane 68 on the bottom, 
thus making microstrip waveguides. The connectors 74 
are “ssma” type, the dimension g is 0.43 mm and the 
dimension h is 0.6 mm to give a microstrip characteris 
tic impedance of approximately 50 ohms. The regions 
indicated by shaded circles represent gaps in the con 
ductive strips that are illuminated with laser light in 
order to electrically connect the various ports. The gap 
resistance between the conducting lines is approxi 
mately 

Rgap= lgapz/ (N 911-) (5) 

where 180}, is the separation between conductors, p. is the 
electron charge, la is the dominant carrier mobility of 
the semiconductor, and N is the total number of photo 
induced charge carders. For the ideal case where every 
light photon absorbed in the semiconductor produces a 
charge carder, the relation between optical energy and 
N is simply Eopt=N(hc/>L), where h is Planck’s constant 
(6.626. 10-34 J .s), c is the speed of light in a vacuum, and 
A is the laser wavelength. In general, the smaller the gap 
length, the larger the capacitive coupling between the 
top microstrip sections adjacent to the gap. From equa 
tion 5, the number of charge carders necessary to give a 
certain gap resistance is proportional to the square of 
the gap length. Thus, there is a tradeoff between gap 
capacitance and the laser energy necessary to ade 
quately “short” the gap. In operation, gap 70 is laser 
illuminated just long enough to allow passage of the 
input signal to be launched into the waveguide of FIG. 
7, and then the gap 72 is laser illuminated to route the 
up-shifted output pulse toward the oscilloscope. Again, 
the lasers are synchronized with the pulse generator, 
allowing repetitive operation. The metallization lines 66 
in FIG. 10 need not be perpendicular to the other lines. 
For example, the three metallization lines 66 may be 
con?gured in the shape of the letter “Y,” with gaps that 
facilitate optical connection (as described above) of the 
upper stems of the “Y” with the single lower stem. 
Futhermore, “masks” could be placed over the gaps to 
ensure even illumination which is of similar physical 
breadth as the metallization lines 66. A preferred laser 
wavelength for the gap is 532 nm, and a suitable gap 
spacing is 250 pm. For fast switching, a laser pulse with 
a fast risetime is necessary, preferrably less than 1 ns, 
and with an energy per pulse of preferably greater than 
10 pJ. An advantage of this general method of signal 
routing is the potential for accomodating higher fre 
quency bandwidth signals than an electrically activated 
switch. 
An alternate con?guration from FIG. 7 that avoids 

using a directional coupler or switch is shown in FIG. 
11. The input signal 90 to be up-shifted is coupled into 
the CPS waveguide using a microwave waveguide that 
is connected between the signal source and the CPS. 
The waveguide may, for example, be a coaxial transmis 
sion line which mates with an ssma type connector 
mounted and electrically connected to the CPS. Sta 
tionary laser illumination of the proper intensity, wave 
length, and timing produces a‘conductive plasma 94 
near the end of the CPS waveguide which reflects the 
impinging microwave signal back toward the beginning 
of the waveguide. A second, synchronized laser illumi 
nation 92 is then swept using one of the methods de 
scribed earlier to produce a moving conductive plasma 
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which re?ects and up-shifts this microwave signal. The 
laser illumination that produced the conducting “short” 
94 has since been extinguished so as to let pass the up 
shifted output signal 98, which may be routed to some 
desired load via a coaxial cable electrically interfaced to 
the end of the CPS waveguide using standard connec 
tors. The semiconductor substrate 96 preferably has a 
carder recombination sufficiently fast to prevent a lin 
gering plasma at the location of the initially created 
short 94 that would attenuate the output signal, prefera 
bly “low temperature grown” GaAs. For a 50 ohm CPS 
waveguide, the dimensions would be the same as in 
FIG. 2. A laser of 532 nm is preferably used to illumi 
nate gap 94 to create a conductive area largely near the 
surface of the semiconductor in gap 94 and preferably 
with similar width as the metallization in order to maxi 
mize the continuity of the microwave circuit. The con 
cept of this con?guration could be used with any wave 
guide geometry. 
Other alternative embodiments use different types of 

semiconductor waveguides. One such alternative uses a 
microstrip waveguide as shown in FIG. 3, again using 
either method of illumination sweep discussed previ 
ously. The upper conductive strip 18 is semi-transparent 
to allow laser illumination to pass through. The wave 
length of the laser illumination, about 895 nm, is longer 
than for the CPS geometry since a greater absorption 
depth is preferred in the GaAs substrate 22 in order to 
get conduction between the upper conductive strip 18 
and the metal ground plane 20. The upper conductive 
strip ismade transparent by one of three preferred alter 
native methods: a thin layer of deposited gold, a grid 
pattern, or by using a highly doped n+ layer which has 
a doping density suf?ciently high that it acts like a con 
ductor. Such n+ layers can be doped up to approxi 
mately 4.1018 cm—3 using methods known to those 
skilled in the art. Such transparent strips may, of course, 
be used with any of the waveguide geometries. Alter 
nately, the illumination could come in at an angle be 
tween a non-transparent upper or lower electrode. The 
advantage of the microstrip geometry is an enhanced 
voltage standoff capability over the CPS design due to 
the wider conductor spacing. Up-shifted signals from 
the moving plasma-microwave interaction may be ob 
tained even if the illumination wavelength does not 
“connect” the upper and lower conductors, since a 
plasma largely near one conductor may sufficiently 
change the microwave propagation characteristics to 
produce re?ections or interactions of some electromag 
netic modes in the waveguide. Finally, as with most of 
the waveguides discussed, the metallizations or conduc 
tors mentioned may be “buried” in the semiconductor 
such that the surface of the metallization is on the same 
plane as the semiconductor. 

In another alternative waveguide, shown FIG. 4, 
instead of using a transparent or semitransparent upper 
conductive strip, the laser illumination comes in from 
the side, between the metallization layers’ 24, into the 
semiconductor substrate 26. In order to accommodate 
laser illumination in this way, the lower metallization 
layer or ground plane is preferably made narrower than 
the geometry of FIG. 3. The waveguide dimensions 
will be similar to the other microstrip designs discussed 
earlier. Using GaAs as the dielectric, the preferred laser 
for the illumination sweep shall have a wavelength of 
890 nm, and a pulse rise-time ‘preferably faster than 20 
ps. 
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Another alternative waveguide geometry is the co 
planar waveguide (CPVV) shown in FIG. 5. The dimen 
sions a, b, and c are chosen for the desired characteristic 
impedance, loss factor, dispersion, etc., using the pa 
rameters appropriate for the type of semiconductor 
substrate 32. The laser illumination is swept across both 
conductive strip gaps 28 in the usual manner described 
previously. Again, the conductive strips 30 and 31 may 
be semi-transparent. 
Another alternative embodiment uses the microstrip 

with laser illumination 34 that propagates on the same 
axis that the impinging microwave signal travels as 
shown in FIG. 6. The wavelength of the laser is chosen 
to give adequate transmission through the length of the 
microstrip substrate 36 while allowing enough absorp 
tion to produce a suf?ciently high plasma density to 
create a re?ecting front. This tradeoff renders this de 
sign much less desirable. However, using materials such 
as silicon and hydrogenated amorphous silicon at wave 
lengths between approximately 1.5 and 2 nm, it is possi 
ble to get absorption coefficients down below 0.4 cm- 1. 
This allows transmission through a 10 cm long micro 
strip waveguide and provides enough absorption to 
produce an adequate photo-induced moving plasma for 
suf?ciently high laser pulse energies. 
Another alternate embodiment uses the microstrip 

con?guration of FIG. 12. A microwave input signal 110 
is coupled into the microstrip in the usual way. The 
input microwave signal re?ects off the open end of a 
gap with spacing lgap in the transparent or semi-trans 
parent top conductor 104 during a time when the sta 
tionary illumination 102 is not present. The re?ected 
signal which now travels back toward the input is re 
?ected again, this time by a moving conducting plasma 
front in the semiconductor created by a sweeping laser 
illumination 108 achieved using one of the methods 
previously described. The resulting up-shifted signal is 
routed to the end of the microstrip 105 using laser illum 
ination 102 that effectively electrically shorts the gap. 
The up-shifted output signal 112 is coupled out of the 
microstrip in the usual way using an ssma connector 
mounted and electrically connected to the end of the 
microstrip. A coaxial cable with a mating ssma connec 
tor then routes the up-shifted signal to a desired load. 
The microwave input signal and laser pulse illumina 
tions are synchronized to give the timing required. 
Proper timing can be achieved using cable delay lines to 
the laser trigger inputs, and/or variable digital delay 
instruments such as the Stanford Digital Delay DG-535. 
As described previously, the top conductor in the mi 
crostrip is a highly doped layer deposited on the semi 
conductor substrate 100 which acts like a conductor, or 
a semi-transparent metallization deposited atop the 
highly doped layer. The resistance of the illuminated 
gap as a function of wavelength, spacing, and semicon 
ductor characteristics is estimated by equation 5. 
A preferred embodiment of the above uses dimen 

sions W=O.43 mm and h=0.6 mm in FIG. 12 to pro 
duce a microstrip characteristic impedance of 50 ohms 
for a semi-insulating GaAs substrate 100. The top con 
ductors 104, 105 are a highly doped n+ region approxi 
mately 5 pm thick, and the ground plane 106 is a gold 
metallized region 5 pm thick over a highly doped n+ 
layer. lgap=40 nm, and the laser illumination 102 in the 
gap has a preferred wavelength of 532 nm and an en 
ergy per pulse sufficient to give a gap resistance (equa 
tion 5) much smaller than 50 ohms. The gap could also 
be “masked” such that the illumination breadth is as 

5 

10 

20 

25 

30 

35 

40 

45 

55 

60 

65 

16 
wide as the metallization in order to maximize the like 
ness of a continuous strip of conductor. The duration of 
the laser pulse illuminating the gap is as long as the 
temporal length of the up-shifted signal to be output, 
and in general has a wavelength giving a shallow depth 
of penetration into the semiconductor in order to elec 
trically “connect” the upper metallization without 
“shorting” the upper and lower metallizations. The 
swept laser pulse illumination has a wavelength of about 
895 nm and has an energy per pulse which is hundreds 
of uJ or greater. Again, the higher the laser pulse en 
ergy, the denser the photo-generated plasma and the 
higher the re?ection coef?cient for microwave frequen 
cies. 

A related alternate con?guration using a coplanar 
strip (CPS) geometry is shown in FIG. 13. This geome 
try works in an exactly analogous manner to the previ 
ously described microstrip waveguide. Again, a micro 
wave input signal 122 coupled into the CPS input trav 
els down the waveguide and is re?ected at the gap near 
the end of the CPS during a time when the gap is not 
illuminated. The re?ected signal propagates back 
toward the CPS input where it is re?ected by a moving 
plasma generated by laser illumination 120 swept at a 
velocity v by one of the previously described methods. 
The gap illumination 116 is then applied to extract the 
up-shifted output signal 124. Altemately, both upper 
metallization strips could have gaps at the same distance 
from the end of the waveguide, and could be illumi 
nated simultaneously to extract the up-shifted or modi 
?ed output signal. 
A preferred embodiment of the above uses a semi 

insulating GaAs substrate 114 with a highly doped n+ 
layer upon which is deposited 2 pm thick gold conduc 
tive strips 118. For a characteristic CPS impedance of 
50 ohms, the dimensions are w=0.5 mm, x=48 pm, and 
the substrate thickness is 0.6 mn. The gap spacing 18,11, is 
approximately 20 pm. The laser illumination in the gap 
has a wavelength of about 532 nm, and a pulse energy 
which gives an impedance much smaller than 50 ohms 
as given by equation 5. The swept laser pulse illumina 
tion is at a prefered wavelength of 532 nm, and will 
have an energy per pulse which produces a plasma 
density suf?cient to act like a re?ector to an impinging 
microwave signal. The resulting plasma density for a 
given optical energy density and semiconductor is esti 
mated by equation 2. The stationary laser illumination 
depicted in various con?gurations may be achieved 
using either an optical ?ber coupled between the laser 
and the gap or an externally focused laser beam which 
illuminates the gap without also illuminating inside the 
coplanar strips. Again, a mask could be used to ensure 
light only illuminates where it is desired. 
Without the stationary laser illumination in the gaps 

of the con?gurations of FIGS. 12 and 13, some of the 
input signal will “leak” into the output through the 
effective gap capacitance. Since this leakage increases 
proportionally with frequency, the gap capacitance can 
be utilized as a high-pass ?lter to allow the up-shifted 
signal to be coupled to the output end of the waveguide. 
The general consideration for such a design is to make 
the gap spacing sufficiently large so the waveguide acts 
like a re?ecting open at the gap, while keeping the gap 
spacing suf?ciently small to give an effective gap capac 
itance which passes the up-shifted output signal. The 
effective gap capacitance for a microstrip is given by 
Bahl and Bhartra in chapter 2 of the book “Microwave 
Solid State Circuit Design,” John Wiley & Sons, 1988 
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and the references sited therein, such as the paper by M. 
Maeda, “An Analysis of Gap in Microstrip Transmis 
sion Lines,” IEEE Trans. on Microwave Theory and 
Techniques, vol. 20, p. 390, June, 1972. More sophisti 
cated ?ltering approaches to output the up-shifted sig 
nal may also be used by incorporating discrete or dis 
tributed inductances with the capacitance for “tuned” 
circuits; or ?lters. A discussion of microwave ?lters is 
discussed in the previously sited book reference. 

Again, the previously described concepts are not 
limited for use with microstrip and CPS waveguides, 
but can be used with slotline waveguides, coplanar 
waveguides (CPW), geometries such as FIG. 4 where 
the illumination is comes in form the side as described 
earlier, stripline waveguides, coaxial waveguides, etc. 
Another embodiment allows the production of fast 

electromagnetic signals using a microstrip waveguide 
geometry as shown in FIG. 14. A microwave signal 130 
is input in the usual manner into the input of the micro 
strip. After the microwave signal begins travelling 
down the waveguide, laser illumination 128 is swept 
through the semi-transparent top conductor 126 at a 
preferred speed that is slightly greater than the speed of 
the travelling microwave signal. The resulting electro 
magnetic output signal 132 has higher frequency com 
ponents than the original input signal. In order to 
choose the velocity of the laser illumination sweep, the 
microwave signal velocity is given by v,c(ee ~05 
where c is the speed of light in a vacuum and eejyis the 
effective relative dielectric constant for a microstrip 
which can be calculated for a given geometry using the 
formulas in chapter 2 of “Microwave Solid State Cir 
cuit Design,” by Bahl and Bhartia, John Wiley & Sons, 
1988. For an approximately 50 ohm waveguide using a 
0.6 mm thick (h) semi-insulating GaAs substrate with a 
gold ground plane 125 interfaced to the GaAs in the 
usual way, the top conductive strip in FIG. 14 is 0.43 
mm wide. 

The coplanar strip (CPS) con?guration of FIG. 15 
works in a completely analogous manner to FIG. 15. A 
laser-induced moving plasma 140 sweeps across the gap 
between the conductive strips 136 and interacts with 
microwave signal 142, that was launched into the wave 
guide in the usual manner. The laser sweep speed is 
preferably slightly greater than the speed of the micro 
wave signal to produce an up-shifted microwave (or 
millimeter wave) output 144. The microwave signal 
speed is found as discussed earlier. For a 50 ohm CPS 
waveguide on a GaAs substrate, the dimensions in FIG. 
15 match those of FIG. 2. 

In yet another embodiment, a voltage is applied to the 
waveguide in order to produce a photoconductive sig 
nal upon application of a pulsed laser illumination. FIG. 
16 depicts such a con?guration using a microstrip wave 
guide with a semi-transparent top conductor 148. A 
voltage source 153, either DC, or pulsed, of any voltage 
as appropriate for the application, is applied between 
the top conductor 148 and the ground plane 151 during 
the time the sweeping laser illumination 150 is incident 
on and through the top conductor and into the semicon 
ductor substrate 146. The photocarriers generated be 
tween the top and bottom conductors are swept out into 
the external circuit by the applied voltage, producing a 
voltage pulse that travels down the waveguide at a 
speed characteristic of the waveguide, and with an 
electrical rise time that approximately tracks the rise 
time of the optical pulse. This voltage pulse propagates 
down the waveguide even if the laser illumination 150 
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18 
hits the end of the waveguide without being swept. 
When the speed of the swept laser illumination is sub 
stantially similar to the characteristic speed of the opti 
cally generated electrical pulse, the interaction can 
produce an output signal 152 that is up-shifted in fre 
quency compared to the electrical signal that would 
have been produced if the laser illumination had not 
been swept. In order to choose the speed of the laser 
sweep, the characteristic velocity of a signal on the 
waveguide should be estimated by calculation or mea 
sured as discussed. For a 50 ohm microstrip, the dimen 
sions for FIG. 14 are used. Various sweep speeds of 
optical illumination across the waveguide can be used 
and the result monitored on a high speed oscilloscope as 
shown in FIG. 7. This method allows the proper sweep 
speed for a desired output pulse shape to be empirically 
estimated, and can be used for all the discussed embodi 
ments. A completely analogous embodiment uses the 
CPS waveguide in the con?guration of FIG. 17 with a 
voltage source 153 applied between the conductive 
strips 156. Again, the swept laser illumination 157 pro 
duces a photoconductive electrical signal propagating 
toward the end of the waveguide and followed or 
tracked by a moving re?ective plasma which interacts 
with the electrical signal thus producing a fast output 
signal 160. A 50 ohm CPS waveguide would use the 
dimensions of FIG. 2 with a semi-insulating GaAs sub 
strate 154. These concept could be used with many 
different and standard waveguide geometries, not just 
microstrips and coplanar strips as discussed in the previ 
ous examples. 

In another embodiment, the semiconductor wave 
guide is con?gured into a cavity or resonator arrange 
ment with a continuous wave (CW) sinusoidal input 76 
as shown in FIG. 18. The input sinusoid is coupled into 
the microstrip in the usual way. The conductors inter 
faced to the semiconductor substrate 78 are a semi 
transparent top conductor 77, metallized top conduc 
tors 75, 80, and the usual ground plane 79. The gap 83 
capacitively couples the input signal into the central 
cavity section 77 of length L. When L=(2n+ l)>\/4, the 
line behaves like a series resistance-capacitance-induc 
tance (RCL) circuit, and when L=n)t/2, the line be 
haves like a parallel RCL circuit, where n is a positive 
integer, and )t=2':r/B. B is the phase constant of the 
microstrip line and is related to, the free-space wave 
length A of the input sinusoid by B=21r(eej))°‘5/ 7t, 
where ée?'ls the effective dielectric constant for the 
microstrip geometry using a certain semiconductor 
substrate. Laser illumination 81 is swept over the cen 
tral cavity section at such a velocity as to give a har 
monic Doppler up-shift of one of the travelling waves 
inside the cavity section. The backward and forward 
travelling waves inside the cavity have the frequency of 
the input sinusoid before interaction with the swept 
laser illumination. Following the up-shifting plasma 
wave interaction, the gap 82 is laser illuminated to 
dump the stored cavity energy at the up-shifted fre 
quency into the output line 80 and out from the micro 
strip through the usual ssma connector. 
For the preferred cavity embodiment, a 50 ohm mi 

crostrip is realized using a 0.6 mm thick low tempera 
ture grown semi-insulating GaAs substrate 78 with top 
conductive strips 0.43 mm in width. The input gap 83 
has a 40 pm spacing and the output gap where station~ 
ary illumination sometimes occurs has a spacing of pref 
erably 250 pm. The applied input sinusoid is 5 GHz for 
illustration. The effective dielectric constant for this 
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geometry is about 8.36, which translates into a wave 
guide wavelength for 5 GHz of 2.075 cm. Setting the 
cavity length l=n7t/2, l=l.037 cm for n=l. A pre- _ 
ferred harmonic of the input sinusoid is chosen to be 25 
GHz. For a Doppler frequency increase of 5, 
v/c=0.665 from FIG. 1. The velocity of the electrical 
signal in the waveguide is about c=1.04.108 m/s. Thus, 
the velocity of the swept laser illumination to satisfy 
v/c=0.665 and give an up-shift to 25 GHz is about 
6.9.107 m/s. Laser illumination 82 of 532 nm wavelength 
at the output gap dumps the stored and up-shifted cav 
ity energy into the line 80, which is connected to an 
ssma connector to accommodate a coaxial output cable 
that routes the signal into some desired load. The GaAs 
is a low temperature grown variety which has a fast 
recombination time so that the photogenerated plasma 
dies out rapidly when the laser illumination is extin 
guished from a given location on the waveguide. 
Though two conductor microwave waveguides such 

as the coplanar strip, microstrip, slotline, and others 
commonly use semiconductors such as GaAs for the 
dielectric separating the conductors, rectangular and 
circular “single” conductor waveguides can also be 
made with a semiconductor dielectric inside. Normally, 
these hollow-pipe guides have air or some other dielec 
tric inside which are completely enclosed with a con 
ductor. Using a semi-transparent conductor such as the 
types discussed previously on the outside of a semicon 
ductor core, such a guide can accommodate a swept 
laser illumination, producing a moving re?ecting 
plasma as before to interact with an impinging electro 
magnetic signal. Coupling the electromagnetic energy 
into the guide is well known and described in most 
microwave texts. Furthermore, it is not necessarily 
required that a true electrical “short” be produced in 
order to re?ect an impinging electrical or electromag 
netic signal, since a plasma boundary of sufficient den 
sity and gradient can act as a re?ector to such radiation. 

In a manner quite similar to the description regarding 
directing the laser pulse through the length of the semi 
conductor down the same axis as the electromagnetic 
signal in a microstrip waveguide, the laser illumination 
can also be directed down the same axis as the electro 
magnetic signal in a bulk semiconductor that is not in a 
waveguide. Using the same considerations as in the 
discussion relating to FIG. 6 with regard to laser wave 
length and power, the propagating laser pulse creates a 
moving plasma boundary which re?ects an impinging 
electromagnetic signal. This impinging electromagnetic 
signal can be microwave, millimeter wave, light, or 
other frequencies. An optical semiconductor wave 
guide can be used to confine the propagation of imping 
ing light energy to be up-shifted. The laser used to 
create a moving plasma front can be propagated down 
the same axis of this waveguide or directed in from the 
side as previously disclosed using a prism above or to 
the side of the optical waveguide. In this embodiment, 
the swept laser illumination penetrates to the depth of 
the optical guiding layer in the waveguide from the side 
and is of sufficient intensity to produce a re?ective 
plasma front to light frequencies, again in an entirely 
similar fashion to the up-shifting of microwaves. 

Finally, in each of the above embodiments in order to 
keep laser illumination out of areas where it is not de 
sired on the waveguides, an opaque mask is placed on 
those areas of the waveguides. In the CPS geometry of 
FIG. 19 for example, the opaque painted regions 170 
mitigate photocarrier generation in the semiconductor 
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substrate 176 due to illumination which over-?lls the 
gap region 178. 
While preferred embodiments of the invention have I 

been described in detail along with various alternative 
con?gurations, it must be kept in mind that other modi 
?cations may also be made according to the teachings 
of this invention. For example, there are numerous 
waveguide geometries beyond the more common types 
mentioned, all of which may have potential application 
in this invention. The waveguides could also be circu~ 
itous in lengthwise shape. For example, the CPS or 
microstrip metallization could have a serpentine shape 
in order to accommodate a temporally longer micro 
wave or millimeter wave signal and better utilize the 
semiconductor substrate area. The optical element or 
system used to control the effective sweep in this case 
would be distributed over the waveguide length. Alter 
nately, individual semiconductor waveguides, each 
with controlled illumination sweeps, could be electri 
cally connected in series to allow an input microwave 
pulse or portion thereof to interact with an optically 
induced plasma multiple times. For a temporal length of 
microwave pulse which is'too long to completely inter 
act with the moving plasma on a single semiconductor 
waveguide, a series of such waveguides could allow 
largely total interaction where each waveguide effec 
tively operates on a different portion of the original 
input signal. Furthermore, the semiconductor may be 
any material with semi-conducting properties that 
change with application of energy beam illumination, 
such as photoconductive polymers. The semiconductor 
substrate may be composed of more than one type of 
semiconductor and/or dielectric. For example, a solid 
semiconductor slab or thin ?lm may be deposited on a 
high permittivity dielectric such as rutile for a micro 
wave waveguide substrate, giving a lower microwave 
phase velocity than would have been achievable with 
just the semiconductor as the waveguide substrate. Fi 
nally, the interaction of a moving plasma in a semicon 
ductor with impinging electromagnetic radiation will 
affect signals whose frequencies extend below and 
above what is commonly considered the microwave 
region. Therefore, the disclosure of the preferred em 
bodiments of the present invention is intended to be 
illustrative, but not limiting, of the scope of the inven 
tion which is set forth in the following claims. 

I claim: 
1. A device for modifying electromagnetic signals, 

comprising: 
(a) a semiconductor with means for introducing an 

electromagnetic signal into the semiconductor; and 
(b) means for applying energy to a location within the 

semiconductor, creating an energized portion and a 
non-energized of the semiconductor, which energy 
creates a plasma front within the semiconductor 
which plasma front interacts with the electromag 
netic signal as it propagates within the semiconduc 
tor, and moving the location of energy application 
and resulting plasma front toward the non-ener 
gized portion of the semiconductor, which move 
ment of the plasma front affects the interaction of 
the plasma front with the electromagnetic signal. 

2. The device of claim 1 wherein the means for mov 
ing the location of energy application moves the result 
ing plasma front at a speed within two orders of magni 
tude of the electromagnetic propagation speed within 
the semiconductor. 
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3. The device of claim 1 wherein the means for apply 
ing energy to a location on the semiconductor moves 
the location of energy application and resulting plasma 
front in a direction between 90 degrees and 270 degrees 
different from the direction of the electromagnetic sig 
nals. 

4. The device of claim 1 wherein the means for apply 
ing energy to a location on the semiconductor moves 
the location of energy application and resulting plasma 
front in a direction within 90 degrees of the direction of 
the electromagnetic signals. 

5. The device of claim 1 wherein the means for apply 
ing energy to a location on the semiconductor com 
prises a pulse of laser light having numerous ray paths 
to the semiconductor which ray paths are directed such 
that the pulse sweeps toward the non-energized portion. 

6. The device of claim 5 wherein the ray paths are 
directed by a prism. 

7. The device of claim 1 wherein the means for apply 
ing energy to a location on the semiconductor com 
prises a beam of laser light directed through an electro 
optical beam de?ector. 

8. The device of claim 1 wherein the means for apply 
ing energy to a location on the semiconductor com 
prises a beam of laser light directed by means of phased 
array optical beam steering. 

9. The device of claim 1 wherein the means for apply 
ing energy to a location on the semiconductor com 
prises a pulse of laser light passing through the semicon 
ductor beginning at the energized portion and continu 
ing on toward the non-energized portion. 

10. The device of claim 1 wherein the means for 
applying energy to a location on the semiconductor 
comprises an electron beam with directional beam de 
?ector. 

11. The device of claim 1 further comprising a wave 
guide for which the semiconductor is a dielectric 
through which guided wave energy passes. 

12. The device of claim 11 further comprising an 
electromagnetic signal generator coupled to the wave 
guide. 

13. The device of claim 12 further comprising a direc 
tional coupler coupled between the signal generator and 
the waveguide. 

14. The device of claim 12 further comprising an 
optical switch coupled between the signal generator 
and the waveguide. ' 

15. The device of claim 12 further comprising an 
electrical switch between the signal generator and the 
waveguide. 
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16. The device of claim 12 further comprising a circu 

lator between the signal generator and the waveguide. 
17. The device of claim 12 further comprising a sta 

tionary laser beam directed upon a portion of the semi 
conductor remote from the signal generator, which 
laser beam generates a plasma in the semiconductor 
which interacts with the electromagnetic signals. 

18. The device of claim 12 wherein the waveguide 
has an end remote from the signal generator and further 
comprising: 

(a) a second waveguide electrically coupled to the 
semiconductor near the end of the waveguide and 
de?ning a gap between the ?rst and the second 
waveguide, and 

(b) a stationary laser beam directed upon the gap, 
which laser beam generates a plasma in the semi 
conductor electrically coupling the waveguides. 

19. The device of claim 12 further comprising a sec 
ond waveguide high frequency coupled, by means of a 
capacitive gap, to an end of the ?rst waveguide remote 
from the signal generator. 

20. The device of claim 12 wherein the waveguide is 
a cavity resonator. 

21. The device of claim 11 wherein the waveguide 
comprises two conductors. 

22. The device of claim 21 wherein a voltage is ap 
plied across the two conductors. 

23. A device for generating fast electrical signals, 
comprising: 

(a) a pair of conductors coupled to a semiconductor 
material, with contact surfaces between each of the 
conductors and the semiconductor material, one of 
which contact surfaces adjoins a volume within the 
semiconductor material substantially between the 
conductors which volume has a length parallel to 
the contact surface, which length is greater than a 
width separating the contact surfaces; and 

(b) means for applying energy to a location within the 
volume’s length, creating an energized portion and 
a non-energized portion within the volume’s length 
which energy creates a plasma front and an electro 
magnetic signal within the conductors, and moving 
the location of energy application and resulting 
plasma front toward the non-energized portion of 
the volume’s length. ’ 

24. The device of claim 23 wherein the means for 
moving the location of . energy application moves the 
resulting plasma front at a speed within two orders of 
magnitude of the electromagnetic propagation speed 
within the conductors. 

25. The device of claim 23 further comprising means 
for applying a voltage across the pair of conductors. 
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